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AB Linking sequences which modulate cross-talk between modules of Type I polyketide synthases have 

been identified. Thus, arbitrarily chosen modules can be mixed and matched by supplying the 
appropriate linkers to obtain desired polyketide synthases and new polyketides. The modules are 
provided suitable linkers so that the polyketide chain is passed from one module to the other in 
the correct sequence.- Synthetic peptides which mimic linkers can be used to inhibit the synthesis 
of polyketides. Kinetic channeling, both intrapolypeptide and interpolypeptide, of diketide 
intermediates in a Type I polyketide synthase can occur. In addition, the role of protein-protein 
interactions between a donor acyl .carrier protein (ACP) domain and a downstream ketosynthase (KS) 
domain and enzyme-substrate interactions in the channeling of intermediates between polyketide 
synthase modules and between a polyketide synthase module and a nonribosomal peptide synthase 
(NRPS) module has been identified. 
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Cloning and Characterization of the Bleomycin Biosynthetic 
Gene Cluster from Streptomyces verticillus ATCC15003 
Shen, B.; Du, L.; Sanchez, C; Edwards, D.J.; Chen, Mei; 
Murrell, J.M. 

Department of Chemistry, University of California, Davis, 
One Shields Avenue, Davis, CA 95616, USA 
Journal of Natural Products [J. Nat. Prod.], (20020322) 
vol. 65, no. 3, pp. 422-431. 
ISSN: 0163-3864. 
Journal 
J 

English 
English 

Bleomycin (BLM) biosynthesis has been studied as a model for hybrid peptide-polyketide natural 
product biosynthesis. Cloning, sequencing, and biochemical characterization of the blm 
biosynthetic gene cluster from Streptomyces verticillus ATCC15003 revealed that (1) the BLM hybrid 
peptide-polyketide aglycon is assembled by the BLM megasynthetase that consists of both 
nonribosomal peptide synthetase (NRPS) and polyketide synthase (PKS) modules; (2) 

BlmlX/BlmVIII/BlmVII constitute a natural hybrid NRPS/PKS/NRPS system, serving as a model for both 
hybrid NRPS/PKS and PKS/NRPS systems; (3) the catalytic sites appear to be conserved in both 
hybrid NRPS/PKS and nonhybrid NRPS or PKS systems, with the exception of the KS domains in the 
hybrid NRPS /PKS systems that are unique; (4) specific interpolypeptide linkers may play a 
critical role in intermodular communication to facilitate the transfer of the growing 
intermediates between the interacting NRPS and/or PKS modules; (5) post-translational modification 
of the BLM megasynthetase has been accomplished by a single PPTase with broad carrier protein 
specificity; and (6) BlmlV /Blmlll-templated assembly of the BLM bithiazole moiety requires 
intriguing protein juxtaposition and modular recognition. These results lay the foundation to 
investigate the molecular basis for intermodular communication between NRPS and PKS in hybrid 
peptide-polyketide natural product biosynthesis and set the stage for engineering novel BLM 
analogues by genetic manipulation of genes governing BLM biosynthesis. 
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The biosynthetic gene cluster for the anticancer drug 
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Shen, B.; Du, L.; Sanchez, C; Edwards, D.J.; Chen, M.; 
Murrell, J.M. 

Department of Chemistry, University of California, One 
Shields Avenue, Davis, CA 95616, USA 

Journal of Industrial Microbiology & Biotechnology [J. Ind. 
Microbiol. Biotechnol . ] , (20011200) vol. 27, no. 6, pp. 
378-385. 

ISSN: 1367-5435. 
Journal 
J; A; W2 
English 
English 

The hybrid peptide-polyketide backbone of bleomycin (BLM) is 
that consists of both nonribosomal peptide synthetase (NRPS) 
modules. BlmlX/BlmVIII/BlmVII constitute a natural hybrid NRPS/PKS/NRPS system, serving as a model 
for both hybrid NRPS/PKS and PKS/NRPS systems. Sequence analysis and functional comparison of 
domains and modules of BlmlX/BlmVIII/BlmVII with those of nonhybrid NRPS and PKS systems suggest 
that (1) the same catalytic sites appear to be conserved in both hybrid NRPS-PKS and nonhybrid 
NRPS or PKS systems, with the exception of the KS domains in the hybrid NRPS/PKS systems that are 
unique; (2) specific interpolypeptide linkers may play a critical role in intermodular 
communication to facilitate transfer of the growing intermediates between the interacting NRPS 
and/or PKS modules; and (3) posttranslational modification of the BLM megasynthetase has been 
accomplished by a single PPTase with a broad substrate specificity toward the apo forms of both 
acyl carrier proteins (ACPs) and peptidyl carrier proteins (PCPs) . 
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Department of Chemistry, Stanford University, Stanford, CA, 
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Biochemistry, (April 16, 2002) Vol. 41, No. 15, pp. 
5056-5066. print. 
CODEN: BICHAW. ISSN: 0006-2960. 
Article 
English 

Entered STN: 8 May 2002 
Last Updated on STN: 8 May 2002 
6-Deoxyerythronolide B synthase (DEBS) is the modular polyketide synthase (PKS) responsible for 
the biosynthesis of 6-dEB, the aglycon core of the antibiotic erythromycin. The biosynthesis of 
6-dEB proceeds in an assembly-line fashion through the six modules of DEBS, each of which 
catalyzes a dedicated set of reactions, such that the structure of the final product is determined 
by the arrangement of modules along the assembly line. This transparent relationship between 
protein sequence and enzyme function is common to all modular PKSs and makes these enzymes an 
attractive scaffold for protein engineering through module swapping. One of the fundamental 
issues relating to module swapping that still needs to be addressed is the mechanism by which 
intermediates are channeled from one module to the next. While it has been previously shown that 
short linker regions at the N- and C-termini of adjacent polypeptides play .an important role in 
mediating intermodular transfer, the contributions of other protein-protein interactions have not 
yet been probed. Here, we investigate the roles of the linker interactions as well as the 
interactions between the donor acyl carrier protein (ACP) domain and the downstream ketosynthase 
(KS) domain in various contexts. Linker interactions and ACP-KS interactions make relatively 
equal contributions at the module 2-module 3 and the module 4-module 5 interfaces in DEBS. In 
contrast, modules 2 and 6 are more tolerant toward substrates presented by nonnatural ACP domains. 
This tolerance was exploited for engineering hybrid PKS-PKS and PKS-NRPS (nonribosomal peptide 
synthetase) junctions and suggests fundamental ground rules for engineering novel chimeric PKSs in 
the future. 
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Heterologous production of epothilone C and D in 
Escherichia coli. 

Mutka Sarah C; Carney John R; Liu Yaoquan; Kennedy Jonathan 
Kosan Biosciences, Inc., 3832 Bay Center Place, Hayward, 
California 94545, USA. 

Biochemistry, (2006 Jan 31) Vol. 45, No. 
Journal code: 0370623. ISSN: 0006-2960. 
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Entered STN: 25 Jan 2006 
Last Updated on STN: 15 Apr 2006 
Entered Medline: 14 Apr 2006 
The epothilones are a family of polyketide natural products that show a high potential as 
anticancer drugs. They are synthesized by the action of a hybrid nonribosomal peptide 
synthetase/polyketide synthase in the myxobacterium Sorangium cellulosum. In this work, the genes 



4, pp. 1321-30. 



encoding the entire cluster , epoA, epoB, epoC, epoD, epoE, and epoF, were redesigned and 
synthesized to allow for expression in Escherichia coli. The expression of the largest of the 
proteins, EpoD, also required the protein be separated into two polypeptides with compatible 
module linkers. Using a combination of lowered temperature, chaperone coexpression, and 
alternative promoters, we succeeded in producing a soluble protein from all genes in the 
epothilone cluster. The entire synthetic epothilone cluster was then expressed in a strain of E. 
coli modified to enable polyketide biosynthesis, resulting in the production of epothilones C and 
D. Furthermore, feeding a thioester of the normal substrate for EpoD to cells expressing the 
epoD, epoE, and epoF genes also led to the production of epothilones C and D. The design of . the 
synthetic epothilone genes together with E. coli expression provides the ideal platform for both 
the biochemical investigation of the epothilone PKS and the generation of novel biosynthetic 
epothilone analogues. 
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Hybrid nonribosomal peptide-polyketide interfaces in 
epothilone biosynthesis: minimal requirements at N and C 
termini of EpoB for elongation. 
Liu Fei; Garneau Sylvie; Walsh Christopher T 
Department of Biological Chemistry and Molecular 
Pharmacology, Harvard Medical School, 240 Longwood Avenue, 
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GM21643 (NIGMS) 
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Journal; Article; ( JOURNAL ARTICLE) 
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English 

Priority Journals 
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Entered STN: 24 Nov 2004 
Last Updated on STN: 26 Apr 2005 
Entered Medline: 25 Apr 2005 
Epothilone (Epo) D, an antitumor agent currently in clinical trials, is a hybrid natural product 
produced by the combined action of nonribosomal peptide synthetases (NRPS) and polyketide 
synthases (PKS) . In the epothilone biosynthetic pathway, EpoB, a 165 kDa NRPS is inserted into an 
otherwise entirely PKS assembly line, forming two hybrid NRPS-PKS interfaces. In light of the 
terminal linker effect previously identified in PKS, the N- and C-terminal sequences of EpoB were 
examined for their roles in propagating the incipient natural product. Eight amino acid residues 
at EpoB C terminus, in which six are positively charged, were found to be a key component of the 
C-terminal linker effect. A minimal sequence of 5 6 residues at EpoB N terminus was required for 
elongating the acetyl group from the acyl carrier protein (ACP) of EpoA to form methylthiazolyl-S- 
EpoB. 
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which modulate cross-talk between modules of Type I 

Thus, arbitrarily chosen modules can be mixed and matched by supplying the 
appropriate linkers to obtain desired polyketide synthases and new polyketides. The modules are 
provided suitable linkers so that the polyketide chain is passed from one module to the other in 
the correct sequence. Synthetic peptides which mimic linkers can be used to inhibit the synthesis 
of polyketides. Kinetic channeling, both intrapolypeptide and interpolypeptide, of diketide 
intermediates in a Type I polyketide synthase can occur. In addition, the role of protein-protein 
interactions between a donor acyl carrier protein (ACP) domain and a downstream ketosynthase <KS) 
domain and enzyme-substrate interactions in the channeling of intermediates between polyketide 
synthase modules and between a polyketide synthase module and a nonribosomal peptide synthase 
(NRPS) module has been identified. 
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Quantitative analysis of the relative contributions of 
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Entered STN: 8 May 2002 
Last Updated on STN: 8 May 2002 
6-Deoxyerythronolide B synthase (DEBS) is the modular polyketide synthase (PKS) responsible for 
the biosynthesis of 6-dEB, the aglycon core of the antibiotic erythromycin. The biosynthesis of 
6-dEB proceeds in an assembly-line fashion through the six modules of DEBS, each of whigh 
catalyzes a dedicated set of reactions, such that the structure of the final product is determined 
by the arrangement of modules along the assembly line. This transparent relationship between 
protein sequence and enzyme function is common to all modular PKSs and makes these enzymes an 
attractive scaffold for protein engineering through module swapping. One of the fundamental 
issues relating to module swapping that still needs to be addressed is the mechanism by which 
intermediates are channeled from one module to the next. While it has been previously shown that 
short linker regions at the N- and C-termini of adjacent polypeptides play an important role in 
mediating intermodular transfer, the contributions of other protein-protein interactions have not 
yet been probed. Here, we investigate the roles of the linker interactions as well as the 
interactions between the donor acyl carrier protein (ACP) domain and the downstream ketosynthase 
(KS) domain in various contexts. Linker interactions and ACP-KS interactions make relatively 
equal contributions at the module 2-module 3 and the module 4-module 5 interfaces in DEBS. In 
contrast, modules 2 and 6 are more tolerant toward substrates presented by nonnatural ACP domains. 
This tolerance was exploited for engineering hybrid PKS-PKS and PKS-NRPS (nonribosomal peptide 
synthetase) junctions and suggests fundamental ground rules for engineering novel chimeric PKSs in 
the future. 
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Journal; Article; (JOURNAL ARTICLE) 
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Priority Journals 
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Entered STN: 24 Mar 2002 
Last Updated on STN: 12 Jun 2002 
Entered Medline: 11 Jun 2002 
Bleomycin (BLM) biosynthesis has been studied as a model for hybrid peptide-polyketide natural 
product biosynthesis. Cloning, sequencing, and biochemical characterization of the blm 
biosynthetic gene cluster from Streptomyces verticillus ATCC15003 revealed that (1) the BLM hybrid 
peptide-polyketide aglycon is assembled by the BLM megasynthetase that consists of both 
nonribosomal peptide synthetase (NRPS) and poiyketide synthase (PKS) modules; (2) 

BlmlX/BlmVIII/BlmVII constitute a natural hybrid NRPS/PKS/NRPS system, serving as a model for both 
hybrid NRPS/PKS and PKS/NRPS systems; (3) the catalytic sites appear to be conserved in both 
hybrid NRPS/PKS and nonhybrid NRPS or PKS systems, with the exception of the KS domains in the 
hybrid NRPS/PKS systems that are unique; (4) specific interpolypeptide linkers may play a critical 
role in intermodular communication to facilitate the transfer of the growing intermediates between 
the interacting NRPS and/or PKS modules; (5) post-translational modification of the BLM 
megasynthetase has been accomplished by a single PPTase with broad carrier protein specificity; 
and (6) BlmlV/Blmlll-templated assembly of the BLM bithiazole moiety requires intriguing protein 
juxtaposition and modular recognition. These results lay the foundation to investigate the 
molecular basis for intermodular communication between NRPS and PKS in hybrid peptide-polyketide 
natural product biosynthesis and set the stage for engineering novel BLM analogues by genetic 
manipulation of genes governing BLM biosynthesis. 
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The hybrid peptide-polyketide backbone of bleomycin (BLM) is assembled by the BLM megasynthetase 
that consists of both nonribosomal peptide synthetase (NRPS) and poiyketide synthase (PKS) 
modules. BlmlX/BlmVIII/BlmVII constitute a natural hybrid NRPS/PKS/NRPS system, serving as a 
model for both hybrid NRPS/PKS and PKS/NRPS systems. Sequence analysis and functional comparison 
of domains and modules of BlmlX/BlmVIII/BlmVII with those of nonhybrid NRPS and PKS systems 
suggest that (1) the same catalytic sites appear to be conserved in both hybrid NRPS-PKS and 
nonhybrid NRPS or PKS systems, with the exception of the KS domains in the hybrid NRPS/PKS systems 
that are unique; (2) specific interpolypeptide linkers may play a critical role in intermodular 
communication to facilitate transfer of the growing intermediates between the interacting NRPS 



and/or PKS modules; and (3) posttranslational modification of the BLM megasynthetase has been 
accomplished by a single PPTase with a broad substrate specificity toward the apo forms of both 
acyl carrier proteins (ACPs) and peptidyl carrier proteins (PCPs) . 
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AB The structural and catalytic similarities between non-ribosomal peptide synthetase (NRPS) and 
polyketide synthase (PKS) support the idea of combining individual NRPS and PKS modules for 
combinatorial biosynthesis. Recent advances in cloning and characterization of biosynthetic gene 
clusters for naturally occurring hybrid polyketide-peptide metabolites have provided direct 
evidence for the existence of hybrid NRPS-PKS systems, thus setting the stage to investigate the 
molecular basis for intermodular communication between NRPS and PKS modules. Reviewed in this 
article are biosynthetic data pertinent to hybrid peptide-polyketide biosynthesis published up to 
late 2000. Hybrid peptide-polyketide natural products can be divided into two classes: (i) those 
whose biosyntheses do not involve functional interaction between NRPS and PKS modules; and (ii) 
those whose biosyntheses are catalyzed by hybrid NRPS-PKS systems involving direct interactions 
between NRPS and PKS modules. It is the latter systems that are most likely amenable to 
combinatorial biosynthesis. The same catalytic sites appear to be conserved in both hybrid NRPS- 
PKS and normal NRPS or PKS systems, with the exception of the ketoacyl synthase domains in hybrid 
NRPS-PKS systems which are unique. Specific linkers may play a critical role in communication, 
facilitating the transfer of the growing intermediates between the interacting NRPS and/or PKS 
modules. In addition, phosphopantetheinyl transferases with broad carrier protein specificity are 
essential for the production of functional hybrid NRPS-PKS megasynthetases . These findings should 
now be taken into consideration in engineered biosynthesis of hybrid peptide-polyketide natural 
products for drug discovery and development. 
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AB The structural and catalytic similarities between modular nonribosomal peptide synthetase (NRPS) 

and polyketide synthase <PKS) inspired us to search for hybrid NRPS-PKS systems. By examining the 
biochemical and genetic data known to date for the biosynthesis of hybrid peptide-polyketide 
natural products, we show (1) that the same catalytic sites are conserved between the hybrid NRPS- 
PKS and normal NRPS or PKS systems, although the ketoacyl synthase domain in NRPS/PKS hybrids is 
unique, and (2) that specific interpolypeptide linkers exist at both the C- and N-termini of the 
NRPS and PKS proteins, which presumably play a critical role in facilitating the transfer of the 
growing peptide or polyketide intermediate between NRPS and PKS modules in hybrid NRPS-PKS 
systems. These findings provide new insights for intermodular communications in hybrid NRPS-PKS 
systems and should now be taken into consideration in engineering hybrid peptide-polyketide 
biosynthetic pathways for making novel "unnatural" natural products. Copyright 2001 Academic 
Press . 
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Individual modules of modular polyketide synthases (PKSs) such as 6-deoxyerythronolide B synthase 
(DEBS) consist of conserved, covalently linked domains separated by unconserved intervening linker 
sequences. To better understand the protein-protein and enzyme-substrate interactions in modular 
catalysis, we have exploited recent structural insights to prepare stand-alone domains of selected 
DEBS modules. When combined in vitro, ketosynthase (KS) , acyl transferase (AT), and acyl carrier 
protein (ACP) domains of DEBS module 3 catalyzed methylmalonyl transfer and diketide substrate 
elongation. When added to a minimal PKS, ketoreductase domains from DEBS modules 1, 2, and 6 
showed specificity for the beta-ketoacylthioester substrate, but not for either the ACP domain 
carrying the polyketide substrate or the KS domain that synthesized the substrate. With insights 
into catalytic efficiency and specificity of PKS modules, our results provide guidelines for 
constructing optimal hybrid PKS systems. 
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AB Linking sequences which modulate cross-talk between modules of Type I polyketide synthases have 
been identified. Thus, arbitrarily chosen modules can be mixed and matched by supplying the 
appropriate linkers to obtain desired polyketide synthases and new polyketides. The modules are 
provided suitable linkers so that the polyketide chain is passed from one module to the other in 
the correct sequence. Synthetic peptides which mimic linkers can be used to inhibit the synthesis 
of polyketides. Kinetic channeling, both intrapolypeptide and interpolypeptide, of diketide 
intermediates in a Type I polyketide synthase can occur. 
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The epothilones are a family of polyketide natural products that show a high potential as 
anticancer drugs. They are synthesized by the action of a hybrid nonribosomal peptide 
synthetase/polyketide synthase in the myxobacterium Sorangium cellulosum. In this work, the genes 
encoding the entire cluster, epoA, epoB, epoC, epoD, epoE, and epoF, were redesigned and 
synthesized to allow for expression in Escherichia coli. The expression of the largest of the 
proteins, EpoD, also required the protein be separated into two polypeptides with compatible 
module linkers. Using a combination of lowered temperature, chaperone coexpression, and 
alternative promoters, we succeeded in producing a soluble protein from all genes in the 
epothilone cluster. The entire synthetic epothilone cluster was then expressed in a strain of E. 
coli modified to enable polyketide biosynthesis, resulting in the production of epothilones C and 
D. Furthermore, feeding a thioester of the normal substrate for EpoD to cells expressing the 
epoD, epoE, and epoF genes also led to the production of epothilones C and D. The design of the 
synthetic epothilone genes together with E. coli expression provides the ideal platform for both 
the biochemical investigation of the epothilone PKS and the generation of novel biosynthetic 
epothilone analogues. 
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Epothilone (Epo) D, an antitumor agent currently in clinical trials, is a hybrid natural product 
produced by the combined action of nonribosomal peptide synthetases (NRPS) and polyketide 
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synthases (PKS) . In the epothilone biosynthetic pathway, EpoB, a 165 kDa NRPS is inserted into an 
otherwise entirely PKS assembly line, forming two hybrid NRPS-PKS interfaces. In light of the 
terminal linker effect previously identified in PKS, the N- and C-terminal sequences of EpoB were 
examined for their roles in propagating the incipient natural product. Eight amino acid residues 
at EpoB C terminus, in which six are positively charged, were found to be a key component of the 
C-terminal linker effect. A minimal sequence of 56 residues at EpoB N terminus was required for 
elongating the acetyl group from the acyl carrier protein (ACP) of EpoA to form methylthiazolyl-S- 
EpoB. 
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AB Linking sequences which modulate cross-talk between modules of Type I polyketide synthases have 
been identified. Thus, arbitrarily chosen modules can be mixed and matched by supplying the 
appropriate linkers to obtain desired polyketide synthases and new polyketides. The modules are 
provided suitable linkers so that the polyketide chain is passed from one module to the other in 
the correct sequence. Synthetic peptides which mimic linkers can be used to inhibit the synthesis 
of polyketides. Kinetic channeling, both intrapolypeptide and interpolypeptide, of diketide 
intermediates in a Type I polyketide synthase can occur. In addition, the role of protein-protein 
interactions between a donor acyl carrier protein (ACP) domain and a downstream ketosynthase (KS) 
domain and enzyme-substrate interactions in the channeling of intermediates between polyketide 
synthase modules and between a polyketide synthase module and a nonribosomal peptide synthase 
(NRPS) module has been identified. 
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Ansamycins such as rifamycin, ansamitocin, and geldanamycin are an important class of polyketide 
natural products. Their biosynthetic pathways are especially complex because they involve the 
formation of 3-amino-5-hydroxybenzoic acid (AHBA) followed by backbone assembly by a hybrid 
nonribosomal peptide synthetase/polyketide synthase. We have reconstituted the ability to 
synthesize 2, 6-dimethyl-3, 5, 7-trihydroxy-7- (3 ' -amino-5 1 -hydroxyphenyl) -2, 4- heptadienoic acid 
(P8/1-OG) , an intermediate in rifamycin biosynthesis, in an extensively manipulated strain of 
Escherichia coli. The parent strain, BAP1, contains the sfp phosphopantetheinyl transferase gene 
from Bacillus subtilis, which posttranslationally modifies polyketide synthase and nonribosomal 
peptide synthetase modules. AHBA biosynthesis in this host required introduction of seven genes 
from Amycolatopsis mediterranei, which produces rifamycin, and Actinosynnema pretiosum, which 
produces ansamitocin. Because the four-module RifA protein (530 kDa) from the rifamycin 
synthetase could not be efficiently produced in an intact form in E . coli, it was genetically 
split into two bimodular proteins separated by matched linker pairs to facilitate efficient inter- 
polypeptide transfer of a biosynthetic intermediate. A derivative of BAPl was engineered that 
harbors the AHBA biosynthetic operon, the bicistronic RifA construct and the pccB and accAl genes 
from Streptomyces coelicolor, which enable methylmalonyl-CoA biosynthesis. Fermentation of this 
strain of E. coli yielded P8/1-OG, an N-acetyl P8/1-OG analog, and AHBA. In addition to providing 
a fundamentally new route to shikimate and ansamycin-type compounds, this result enables further 
genetic manipulation of AHBA-derived polyketide natural products with unprecedented power. 



L37 ANSWER 7 OF 14 
ACCESSION NUMBER: 
DOCUMENT NUMBER: 
TITLE: 



MEDLINE on STN 
2003154756 MEDLINE 
PubMed ID: 12670230 



DUPLICATE 5 



Full-text 



AB 



Intermodular communication in modular polyketide 
synthases: structural and mutational analysis of 
linker mediated protein-protein recognition. 
Kumar Pawan; Li Qing; Cane David E; Khosla Chaitan 
Department of Chemical Engineering, Stanford University, 
Stanford, California 94305, USA. 
CA66736 (NCI) 
GM 22172 (NIGMS) 

Journal of the American Chemical Society, (2003 Apr 9) Vol. 
125, No. 14, pp. 4097-102. 
Journal code: 7503056. ISSN: 0002-7863. 
United States 

Journal; Article; (JOURNAL ARTICLE) 
(RESEARCH SUPPORT, U.S. GOV'T, P.H.S.) 
English 

Priority Journals 
200305 

Entered STN: 3 Apr 2003 
Last Updated on STN: 20 May 2003 
Entered Medline: 19 May 2003 
Modular polyketide synthases (PKSs) present an attractive scaffold for the engineered biosynthesis 
of novel polyketide products via recombination of naturally occurring enzyme modules with desired 
catalytic properties. Recent studies have highlighted the pivotal role of short intermodular 
"linker pairs" in the selective channeling of biosynthetic intermediates between adjacent PKS 
modules. Using a combination of computer modeling, NMR spectroscopy, cross-linking, and site- 
directed mutagenesis, we have investigated the mechanism by which a linker pair from the 6- 
deoxyerythronolide B synthase promotes chain transfer. Our studies support a "coiled-coil" model 
in which the individual peptides comprising this linker pair adopt helical conformations that 
associate through a combination of hydrophobic and electrostatic interactions in an antiparallel 
fashion. Given the important contribution of such linker pair interactions to the kinetics of 
chain transfer between PKS modules, the ability to rationally modulate linker pair affinity by 
site-directed mutagenesis could be useful in the construction of optimized hybrid PKSs. 
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AB A review on studies of the substrate specificity of polyketide synthase modules and production of 
hybrid multimodular synthases by combination of the modules and selection of polypeptide linkers 
for combinatorial biosynthesis of various polyketides. 
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6-Deoxyerythronolide B synthase (DEBS) is the modular polyketide synthase (PKS) responsible for 
the biosynthesis of 6-dEB, the aglycon core of the antibiotic erythromycin. The biosynthesis of 
6-dEB proceeds in an assembly-line fashion through the six modules of DEBS, each of which 
catalyzes a dedicated set of reactions, such that the structure of the final product is determined 
by the arrangement of modules along the assembly line. This transparent relationship between 
protein sequence and enzyme function is common to all modular PKSs and makes these enzymes an 
attractive scaffold for protein engineering through module swapping. One of the fundamental 
issues relating to module swapping that still needs to be addressed is the mechanism by which 
intermediates are channeled from one module to the next. While it has been previously shown that 
short linker regions at the N- and C-termini of adjacent polypeptides play an important role in 
mediating intermodular transfer, the contributions of other protein-protein interactions have not 
yet been probed. Here, we investigate the roles of the linker interactions as well as the 
interactions between the donor acyl carrier protein (ACP) domain and the downstream ketosynthase 
(KS) domain in various contexts. Linker interactions and ACP-KS interactions make relatively 
equal contributions at the module 2-module 3 and the module 4-module 5 interfaces in DEBS. In 
contrast, modules 2 and 6 are more tolerant toward substrates presented by nonnatural ACP domains. 
This tolerance was exploited for engineering hybrid PKS-PKS and PKS-NRPS (nonribosomal peptide 
synthetase) junctions and suggests fundamental ground rules for engineering novel chimeric PKSs in 
the future. 
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Bleomycin (BLM) biosynthesis has been studied as a model for hybrid peptide-polyketide natural 
product biosynthesis. Cloning, sequencing, and biochemical characterization of the blm 
biosynthetic gene cluster from Streptomyces verticillus ATCC15003 revealed that (1) the BLM hybrid 
peptide-polyketide aglycon is assembled by the BLM megasynthetase that consists of both 
nonribosomal peptide synthetase (NRPS) and polyketide synthase (PKS) modules; (2) 

BlmlX/BlmVIII/BlmVII constitute a natural hybrid NRPS/PKS/NRPS system, serving as a model for both 
hybrid NRPS/PKS and PKS/NRPS systems; (3) the catalytic sites appear to be conserved in both 
hybrid NRPS/PKS and nonhybrid NRPS or PKS systems, with the exception of the KS domains in the 
hybrid NRPS/PKS systems that are unique; (4) specific interpolypeptide linkers may play a critical 
role in intermodular communication to facilitate the transfer of the growing intermediates between 
the interacting NRPS and/or PKS modules; (5) post-translational modification of the BLM 
megasynthetase has been accomplished by a single PPTase with broad carrier protein specificity; 
and (6) BlmlV/Blmlll-templated assembly of the BLM bithiazole moiety requires intriguing protein 
juxtaposition and modular recognition. These results lay the foundation to investigate the 
molecular basis for intermodular communication between NRPS and PKS in hybrid peptide-polyketide 
natural product biosynthesis and set the stage for engineering novel BLM analogues by genetic 
manipulation of genes governing BLM biosynthesis. 
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The hybrid peptide-polyketide backbone of bleomycin (BLM) is assembled by the BLM megasynthetase 
that consists of both nonribosomal peptide synthetase (NRPS) and polyketide synthase (PKS) 
modules. BlmlX/BlmVIII/BlmVII constitute a natural hybrid NRPS/PKS/NRPS system, serving as a 
model for both hybrid NRPS/PKS and PKS/NRPS systems. Sequence analysis and functional comparison 
of domains and modules of BlmlX/BlmVIII/BlmVII with those of nonhybrid NRPS and PKS systems 
suggest that (1) the same catalytic sites appear to be conserved in both hybrid NRPS-PKS and 
nonhybrid NRPS or PKS systems, with the exception of the KS domains in the hybrid NRPS/PKS systems 
that are unique; (2) specific interpolypeptide linkers may play a critical role in intermodular 
communication to facilitate transfer of the growing intermediates between the interacting NRPS 
and/or PKS modules; and (3) posttranslational modification of the BLM megasynthetase has been 
accomplished by a single PPTase with a broad substrate specificity toward the apo forms of both 
acyl carrier proteins (ACPs) and peptidyl carrier proteins (PCPs) . 
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The structural and catalytic similarities between non-ribosomal peptide synthetase (NRPS) and 
polyketide synthase (PKS) support the idea of combining individual NRPS and PKS modules for 
combinatorial biosynthesis. Recent advances in cloning and characterization of biosynthetic gene 
clusters for naturally occurring hybrid polyketide-peptide metabolites have provided direct 
evidence for the existence of hybrid NRPS-PKS systems, thus setting the stage to investigate the 
molecular basis for intermodular communication between NRPS and PKS modules. Reviewed in this 
article are biosynthetic data pertinent to hybrid peptide-polyketide biosynthesis published up to 
late 2000. Hybrid peptide-polyketide natural products can be divided into two classes: (i) those 
whose biosyntheses do not involve functional interaction between NRPS and PKS modules; and (ii) 
those whose biosyntheses are catalyzed by hybrid NRPS-PKS systems involving direct interactions 
between NRPS and PKS modules. It is the latter systems that are most likely amenable to 
combinatorial biosynthesis. The same catalytic sites appear to be conserved in both hybrid NRPS- 
PKS and normal NRPS or PKS systems, with the exception of the ketoacyl synthase domains in hybrid 
NRPS-PKS systems which are unique. Specific linkers may play a critical role in communication, 
facilitating the transfer of the growing intermediates between the interacting NRPS and/or PKS 
modules. In addition, phosphopantetheinyl transferases with broad carrier protein specificity are 
essential for the production of functional hybrid NRPS-PKS megasynthetases . These findings should 
now be taken into consideration in engineered biosynthesis of hybrid peptide-polyketide natural 
products for drug discovery and development. 
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The structural and catalytic similarities between modular nonribosomal peptide synthetase (NRPS) 
and polyketide synthase (PKS) inspired us to search for hybrid NRPS-PKS systems. By examining the 
biochemical and genetic data known to date for the biosynthesis of hybrid peptide-polyketide 
natural products, we show (1) that the same catalytic sites are conserved between the hybrid NRPS- 
PKS and normal NRPS or PKS systems, although the ketoacyl synthase domain in NRPS/PKS hybrids is 
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unique, and (2) that specific interpolypeptide linkers exist at both the C- and N-termini of the 
NRPS and PKS proteins, which presumably play a critical role in facilitating the transfer of the 
growing peptide or polyketide intermediate between NRPS and PKS modules in hybrid NRPS-PKS 
systems. These findings provide new insights for intermodular communications in hybrid NRPS-PKS 
systems and should now be taken into consideration in engineering hybrid peptide-polyketide 
biosynthetic pathways for making novel "unnatural" natural products. 
Copyright 2001 Academic Press. 
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AB BACKGROUND: Polyketides are structurally diverse natural products that have a range of medically 
useful activities. Nonaromatic bacterial polyketides are synthesised on modular polyketide 
synthase (PKS) multienzymes, in which each cycle of chain extension requires a different 'module' 
of enzymatic activities. Attempts to design and construct modular PKSs that synthesise specified 
novel polyketides provide a particularly stringent test of our understanding of PKS structure and 
function. RESULTS: We have constructed bimodular and trimodular PKSs based on DEBS1-TE, a 
derivative of the erythromycin PKS that contains only modules 1 and 2 and a thioesterase (TE) , by 
substituting multiple domains with appropriate counterparts derived from the rapamycin PKS. 
Hybrid PKSs were obtained that synthesised the predicted target triketide lactones, which are 
simple analogues of cholesterol-lowering statins. In constructing intermodular fusions, whether 
between modules in the same or in different proteins, it was found advantageous to preserve intact 
the acyl carrier protein-ketosynthase (ACP-KS) didomain that spans the junction between successive 
modules. CONCLUSIONS: Relatively simple considerations govern the construction of functional 
hybrid PKSs. Fusion sites should be chosen either in the surface-accessible linker regions 
between enzymatic domains, as previously revealed, or just inside the conserved margins of 
domains. The interaction of an ACP domain with the adjacent KS domain, whether on the same 
polyketide or not, is of particular importance, both through conservation of appropriate protein- 
protein interactions, and through optimising molecular recognition of the altered polyketide chain 
in the key transfer of the acyl chain from the ACP of one module to the KS of the downstream 
module . 
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